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ABSTRACT: Membranes that can separate molecules of
similar size based on chemical features could transform
chemical manufacturing. We demonstrate membranes with
functional, 1—3 nm pores prepared using a simple and scalable
approach: coating a porous support with random copolymer
micelles in alcohol, followed by precipitation in water and
functionalization of pore surfaces. This approach was used to
prepare membranes that can separate two hormones of similar
size and charge, differentiated by aromaticity, mediated
through 7—7 interactions between the aromatic solute and
pore walls functionalized with phenol groups. The aromatic
molecule permeates more slowly in single-solute experiments.

In competitive diffusion experiments, however, it permeates 7.1 times faster than its nonaromatic analogue. This approach can
be used to manufacture membranes for complex separations based on various intermolecular interactions.
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B INTRODUCTION

Chemical separations account for approximately 10% of the
world’s energy consumption." Separation of small molecules is
particularly energy-intensive, often conducted by distillation,
extraction, or chromatography.” Membrane filtration is energy-
efficient and simple and requires no added chemicals,*™> but
its use is mostly limited to size-based separations.®”’
Developing highly selective membranes that can separate
molecules of similar size on the basis of their structure would
transform chemical and pharmaceutical manufacturing, sig-
nificantly cutting the energy use and carbon emissions
associated with separations.”® Such materials would also
impact drug delivery, sensors, and barrier materials.”"’

Most commercial membranes on the market today broadly
rely on size-based sieving of particles and solutes.” Nano-
filtration (NF) and reverse osmosis (RO) membranes,
designed for removing salts from water, typically possess
negatively charge surface to enhance rejection and reduce
fouling® Hence, they show some degree of charge-based
separation through the Donnan exclusion mechanism."'
Hydrogen bonding, polarity, and hydrophobicity can also
play a role in the organic solute selectivity of commercial NF
and RO membranes."*™'° Nonetheless, size exclusion is still
the most dominant and well-understood separation mechanism
in these and other commercial membranes.'>~"” Importantly,
the effects of these other factors are typically not well
controlled or consistent enough to enable their use for the
reliable, purposeful separation of organic molecules of similar
size.
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In contrast, biological pores such as porins and ion channels
exhibit exceptional selectivity combined with fast and efficient
permeation. These features arise from confining flow into
constricted pores, comparable in size with the target solute
(~1 nm for small molecules), lined with functional groups."®
Solutes that favorably and reversibly interact with the pore
walls are preferentially partitioned into the nanopores and
permeate through while preventing the entry of other solutes.'”
For instance, maltoporin, an outer membrane protein found in
bacteria, can selectively transport maltooligosaccharides over
other oligosaccharides.”” Its structure exhibits residues that
selectively bind maltotriose,”" and permeation studies show
that binding affinity has a significant effect on transport
properties.”””* Similar behavior is observed in other bacterial
outer membrane proteins” as well as the nuclear pore
complex.”* Although the sizes of solute (and thus pores)
vary greatly, the commonalities in how these highly selective
pores function remain. This implies that synthetic membranes
with <3 nm pores lined with properly selected functional
groups can potentially separate organic molecules of similar
size but different chemical features.

Most approaches to prepare such membranes involve
narrowing and functionalizing pores of commercial mem-
branes.”>~*’ These studies demonstrate that separations based
on size, charge, hydrophobicity, and chirality can be achieved.
However, their broader use is limited because of complex

Received: January 2, 2019
Accepted: March 7, 2019
Published: March 7, 2019

DOI: 10.1021/acsami.9b00090
ACS Appl. Mater. Interfaces 2019, 11, 12854—12862


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b00090
http://dx.doi.org/10.1021/acsami.9b00090

ACS Applied Materials & Interfaces

Research Article

Scheme 1. Schematics of (a) Chemical Structure of the Copolymer; (b) Membrane Structure, with a Selective Layer Formed of
Tightly Packed Micelles; (c) Unfunctionalized Membrane Nanopores Lined with COOH Groups; and (d) Proposed
Membrane Selectivity Mechanism in a Competitive Permeation Experiment with Membrane Functionalized with Phenol

Groups

fabrication processes and the very low porosity of resultant
membranes.

Generating functional nanopores by self-assembly can offer
simpler, more scalable manufacture and higher pore density
and permeability. Block copolymers can form membranes with
ordered, functionalizable structures,*® including through
elegant, highly scalable processes.”’ >’ Nonetheless, it is
extremely difficult to create <5 nm pores for small-molecule
separations.”® Block copolymer self-assembly itself typically
results in relatively large pores, so additional processing steps
are required to reduce their size. For instance, if membranes
are prepared from block copolymers to form pores lined with a
polyelectrolyte, these pores can be shrunk down to ~1 nm by
causing these chains to expand into the pores in response to
pH.* The pH and ionic strength stability of this pore size can
be further improved by designing a block copolymer that
contains strong polyelectrolyte brushes that remain charged
and thus extended through the pores.*® However, the need for
particular block chemistry to achieve this smaller pore size with
block copolymers also limits the range of functional groups
that can be incorporated to control selectivity.

Smaller nanopores can be formed by the self-assembly of
small-molecule amphiphiles,””** macrocyclic peptides,”*’
nanoparticle/dendrimer mixtures,"" and carbon nanotubes.**
However, these approaches either involve complex manufac-
turing methods with poor scalability and/or allow limited
chemical functionalizability that restricts the types of possible
separations. Only size- and charge-based selectivities have been
demonstrated in membranes formed by self-assembly.

Membranes that can separate compounds based on the
presence and electron density of aromatic rings are of interest
for several applications, from petrochemical processing to the
separation of bioactive molecules.*”** 7—7 interactions
between aromatic groups, ubiquitous in biological processes,"
self-assembly, catalysis, and transport,*® can be leveraged to
differentiate compounds based on aromatic rings. This premise
has not yet been explored for membrane-based separations.

Here, we describe the first membranes that can separate
organic molecules of similar size and charge based on the
presence of an aromatic group, manufactured using simple
methods translatable to roll-to-roll manufacturing. First, we
prepare membranes whose selective layers consist of a packed
array of micelles with carboxylic acid functional surfaces,
spontaneously formed by coating a porous support with
random copolymer micelles in alcohol.”” The interstices
between the micelles serve as permeation pathways ~1-3
nm in diameter, lined with carboxylate groups (Scheme 1).
Then, we utilized a straightforward, well-established, and
efficient conjugation chemistry that utilizes 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxy-
succinimide (NHS) (i.e, EDC/NHS chemistry) to function-

alize pore walls for controlled solute—wall interactions.**™>°

This enables us to customize the selectivity of the membrane
for desired separations while maintaining high surface pore
density and permeability. Using this approach, we demonstrate
the manufacture of membranes that can separate two steroid
hormones of similar size and charge, differentiated by
aromaticity, mediated through strong but reversible z—x
interactions between the aromatic solute and pore walls
functionalized with tyrosinol. We study the effect of pore wall
chemistry on permeation selectivity and link this with
quantitative information on wall—solute interactions measured
by quartz crystal microbalance with dissipation (QCM-D).
Interestingly, although the solutes that interact more strongly
with the pore walls permeate more slowly in single-solute
experiments, they are preferentially transported through the
membrane in competitive diffusion experiments. This
phenomenon likely arises from competition between solute
molecules to enter into the very small pores, enabling
unprecedented aromaticity-based permeation selectivity. Over-
all, this work introduces a novel platform for custom-designing
membranes for targeted separations, utilizing a versatile pore
functionalization technique with QCM-D to screen and select
desired surface chemistries.

B RESULTS AND DISCUSSION

Copolymer Synthesis and Unfunctionalized Mem-
brane Formation. This study utilizes a scalable approach for
manufacturing membranes whose selective layers feature a
network of carboxylic acid-functionalized nanochannels,
formed through the self-assembly of a random copolymer as
it is coated onto a porous support.”” This copolymer,
poly(trifluoroethyl methacrylate-random-methacrylic acid), P-
(TFEMA-r-MAA), is synthesized by free-radical copolymeriza-
tion. Incompatibility between the hydrophilic MAA units and
the hydrophobic, fluorinated TFEMA segments leads to the
formation of micelles in methanol.”" When a solution of these
micelles is coated onto a porous support and immersed into
water, they create a selective layer of closely packed micelles.””
The interstices between the micelles act as pores estimated to
be 1-3 nm in diameter based on geometric packing arguments
from dry state images of these membranes,"” lined with
carboxylic acid groups available to interact with solutes or for
conversion into other moieties upon further functionalization.

To prepare these membranes, we synthesized P(TFEMA-r-
MAA) following previously reported procedures.”””' The
copolymer contained 45 wt % MAA (Figure S1, Supporting
Information) and had a number-average molar mass of 606 kg
mol ™" with a dispersity of 1.75 based on polystyrene standards
(see the Supporting Information). A S wt % solution of the
copolymer in methanol was spread onto a commercial UF
membrane (PAN400, polyacrylonitrile, nominal MWCO of
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200 kDa, Nanostone) by a doctor blade. After 20 s for solvent
evaporation, the membrane was immersed in deionized (DI)
water. This resulted in a selective layer formed of self-
assembled random copolymer micelles kinetically trapped in a
packed array (Figure S2, Supporting Information). This
membrane, previously used for charge-based separations,”’ is
described as the “unfunctionalized” membrane.

Selection of Surface Functionality and Membrane
Functionalization. As an initial demonstration of this
approach for designing chemoselective membranes, we focused
on leveraging 7— interactions between preferred solutes and
pore walls. 7— interactions are highly reversible with fast time
constants.”> Their strength can be predictably tuned by
selecting substituents on aromatic rings,‘%_55 with favorable
interactions between electron-rich and electron-poor aromatic
rings.ss’55

Separation of hormones with similar chemical structures is
essential for drug manufacture and in analytical applications for
clinical diagnosis.ss‘57 Thus, we selected two steroid hormones
as an example of a pair of solutes with similar size and charge
but different aromaticity. Estrone sulfate (ESTR), the most
abundant estrogen precursor in blood, has an aromatic ring.
Pregnenolone sulfate (PREG), a relative of progesterone, does
not have any aromatic rings (Figure la). Besides this, ESTR
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Figure 1. (a) Chemical structures of PREG and ESTR; (b) reaction
scheme of membrane functionalization with TYR and ACP; and (c)
FTIR spectra of unfunctionalized and functionalized membranes.
SEM micrographs of (d) membrane cross section and (e) membrane
surface, showing the packed micelle structure intact upon
functionalization.

and PREG are very similar in size (8.4 and 8.9 A, respectively,
based on the diameter of a sphere with equivalent volume as
calculated by Molecular Modeling Pro software*”**°?). These
values underestimate the solute size, as this method does not
account for solute shape or hydration. However, the model can
still provide reliable estimate of relative solute size, as reported
previously.*”***” These two hormones also have similar
chemical structures and negative charges (—1), so differences
in their permeation rates would be due to solute-pore wall
interactions.

We hypothesized that if there are aromatic groups lining the
membrane pores, only ESTR can interact with them through
m—n interactions. The strength and direction (attractive vs

repulsive) of 77—z interactions correlate with the electron
densities in the aromatic rings, quantified by Hammett
substituent constants, 6p.°"°" Rings with electron-donating
groups (e.g., phenol; 6, = —0.37 for —OH) have a partial
negative charge and tend to interact more strongly with rings
containing electron-withdrawing substituents, such as the
0SO;~ group on ESTR (o, = 0.42).°° Therefore, if we
functionalize pore walls with phenol groups, we would expect
attractive m—r interactions between them and ESTR
molecules.

To test this hypothesis, we functionalized the membrane
pores using EDC/NHS chemistry to covalently attach the
phenol-containing molecule tyrosinol (TYR) to the pore walls
(Figure 1b). As a control, we functionalized another
membrane with a nonaromatic molecule of similar structure,
2-amino-3-cyclohexyl-1-propanol (ACP). TYR-functionalized
surfaces are expected to preferentially interact with ESTR over
PREG. Unfunctionalized or ACP-functionalized surfaces would
not exhibit as a prominent difference in interactions.

Membranes were functionalized in aqueous solution under
mild conditions by activating the carboxyl groups to form
reactive intermediates (Figure S3, Supporting Information)
that then react with an amine to form an amide bond. The
procedure was tuned to achieve high degrees of functionaliza-
tion (see the Supporting Information). Attenuated total
reflectance—Fourier transform infrared (ATR—FTIR) spectra
for unfunctionalized (COOH) and TYR-functionalized mem-
branes prepared using the optimal procedure (Figure 1c) show
almost complete conversion of the carboxylic acid groups and
the appearance of aromatic and amide groups, confirming TYR
attachment. The spectrum of the ACP-functionalized mem-
brane also shows amide group peaks, indicating successful
functionalization. Field emission scanning electron microscopy
(FESEM) imaging shows that the closely packed micelles
forming the membrane selective layer remain intact after
functionalization with TYR (Figure 1d,e). This confirms that
this simple, straightforward approach allows functionalization
without damage to the membrane nanostructure.

Solute/Pore Wall Interactions that Control Perme-
ation. To confirm our predictions regarding the selectivity of
pore—solute interactions and to obtain quantitative evidence of
adsorption/desorption equilibria, we used QCM-D. A quartz
crystal resonator was coated with a thin film of the copolymer
(~70 nm, Figure S4, Supporting Information). Previously, we
reported that an array of packed spherical micelles forms upon
spin coating a flat mica surface with PTFEMA-r-MAA
solutions with concentrations of 0.3 wt % and above.”’ On
the basis of this, we expect the film on the QCM-D crystal to
mimic the membrane surface. Although slight variations of the
morphology might exist, this would likely not affect relative
adsorption affinities of different solutes on these surfaces. The
surface was functionalized with TYR or ACP following the
same procedure used for membranes. Frequency change,
which is directly proportional to the mass of solute adsorbed
on the surface,’” was recorded upon exposing the crystal to a
solution of either PREG or ESTR. For all surfaces, the
frequency returned to its initial value upon DI water exposure,
indicating immediate and complete desorption of bound
solutes (Figure SSa,b, Supporting Information). This shows
that the interactions of solutes with functional groups on all of
the membranes are fully reversible.

Figure 2 displays the frequency shifts for unfunctional-
ized (COOH), TYR-functionalized, and ACP-functionalized

DOI: 10.1021/acsami.9b00090
ACS Appl. Mater. Interfaces 2019, 11, 12854—12862


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00090/suppl_file/am9b00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00090/suppl_file/am9b00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00090/suppl_file/am9b00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00090/suppl_file/am9b00090_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00090/suppl_file/am9b00090_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b00090

ACS Applied Materials & Interfaces

Research Article

|| PREG
B ESTR

=23
=]

B=11.7

(4]
o

o
o

AFrequency (Hz)
N ow
S o

-
o

o

COOH TYR ACP

Figure 2. QCM-D frequency shift (n = 3) upon injection of each
solute for films featuring different functional groups.

films upon exposure to each solute. All three membranes
adsorbed more ESTR than PREG, indicated by a larger
frequency shift upon exposure. To evaluate the QCM results
more quantitatively, we defined “adsorption selectivity” f as

AfESTR /MESTR
AfPREG / MPREG

where An denotes moles of each solute adsorbed on the
surface, Af is the frequency shift as a result of interaction with
the solute, and M is its molar mass.

The unfunctionalized membrane had an adsorption
selectivity f of 2.9. Although no 7w—r interactions are present,
ESTR can interact more strongly with the —COOH groups on
the surface through hydrogen bonding than PREG molecules.
This is supported by the hydrogen-bonding solubility
parameters of these solutes (Table S1, Supporting Informa-
tion). The TYR-functionalized surface exhibited a much larger
frequency change upon the injection of ESTR, confirming
ESTR-TYR affinity through z—n interactions. In contrast,
PREG adsorption was lower in comparison to the unfunction-
alized surface. The TYR-functionalized surface was much more
selective for ESTR, with a f value of 11.7. The ACP-
functionalized surface did not include any aromatic rings, but
still had —OH groups available for hydrogen bonding.
Frequency shift due to ESTR adsorption was lower than that
observed on the unfunctionalized and TYR-functionalized
films, whereas PREG adsorption was comparable to the
unfunctionalized film. This resulted in a f of 1.7, the lowest
preference for ESTR.

Membrane Permeance in Filtration. Most membranes
are utilized in pressure-driven filtration applications. Water
permeance, water flux normalized by trans-membrane pressure,
is a key performance criterion. This value is rarely reported for
membranes designed for chemical structure-based selectivity.
Membranes prepared by top-down methods often have very
low porosity and hence very low permeance. The membranes
reported here have much higher pore density, leading to
measurable water permeance. The water permeance-unfunc-
tionalized membranes was 4.5 + 0.8 L m™ h™' bar™),
measured at a trans-membrane pressure of 40 psi, comparable
with many commercial membranes.®®

Upon TYR functionalization, a slight decrease in the
membrane permeance to 3.1 + 0.6 L m™> h™' bar™' was
observed as the attached TYR groups partially fill the
nanopores. These permeances can be further improved by
optimizing the coating process to decrease layer thickness,

p= Angerg _

Anpreg

leading to membranes that operate at industrially relevant
fluxes.

Permeation of Aromatic and Nonaromatic Organic
Molecules. We first studied the transport of organic
molecules through these membranes using diffusion experi-
ments with an aqueous feed containing only one type of solute
at a time. We hypothesized that molecular interactions
between the solutes and pore walls would control the relative
permeation rates of solutes of similar size'”®* such as ESTR
and PREG.

We conducted these diffusion experiments in a two-
compartment cell. The feed half-cell was filled with a 0.25
mM solution of desired solute. Samples from the permeate
half-cell were assayed using high-pressure liquid chromatog-
raphy with mass spectroscopy (LC-MS). Figure 3 shows the
amount of ESTR (pink circles) or PREG (blue diamonds)
permeated through the unfunctionalized (COOH), TYR-
functionalized, and ACP-functionalized membranes versus
time. We defined theoretical permeation selectivity ar; as the
ratio of the permeation rate of ESTR to that of PREG. Both
solutes showed very similar permeation rates through the
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Figure 3. Permeation of steroid hormones in single-solute diffusion
experiments through (a) unfunctionalized, (b) TYR-functionalized,
and (c) ACP-functionalized membranes. (d) Permeation flux and
selectivity in single-solute experiments. Permeation of steroid
hormones in competitive diffusion experiments through (e)
unfunctionalized, (f) TYR-functionalized, and (g) ACP-functionalized
membranes, and (h) flux and selectivity in competitive diffusion
experiments.
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support membrane (ar = 1; Figure S6a, Supporting
Information), confirming that these solutes have similar
diffusivity.

PREG, the nonaromatic molecule, permeated through the
unfunctionalized membrane ~1.9 times faster than aromatic
ESTR (ar = 0.53) (Figure 3a). ESTR interacts slightly more
strongly with this membrane than PREG, as indicated by the
QCM-D data. These interactions slow down the passage of this
molecule as it hops between neighboring binding sites, whereas
PREG molecules can pass through the membrane unhin-
dered."> Upon functionalization with TYR (Figure 3b), the
transport rate of PREG was significantly enhanced relative to
the unfunctionalized membrane despite the slightly smaller
pore size. This is consistent with the lower degree of
adsorption measured by QCM-D and with a decrease in
electrostatic repulsion between PREG and the membrane upon
the conversion of most of the acid groups to phenol. The
transport rate of ESTR increased only slightly in comparison to
the unfunctionalized membrane. Although the electrostatic
repulsion was reduced, favorable 7—r interactions between
TYR and ESTR slow down their permeation. These results are
consistent with a hopping mechanism, where adsorption/
desorption equilibria dominate the time a solute takes to reach
the permeate side.'” In single solute experiments, the least
interactive solute permeates the fastest. Transient trapping of
the preferred solute as it hops through the binding sites inside
the pores retards its perrneation.12 As a result, PREG diffused
11.2 times faster than ESTR through this membrane (a; =
0.09).

Both PREG and ESTR diffused faster through the ACP-
functionalized membrane compared with the unfunctionalized
membrane (Figure 3c) because of the lower membrane surface
charge. ESTR diffused slightly more slowly than PREG (ay =
0.63), in agreement with previous results and QCM-D data.
This confirms that the significantly different selectivity
observed in the TYR-functionalized membrane arises from
m—n interactions and not from changes in surface charge.

Competitive Permeation with Two Solute Mixtures.
Single-solute diffusion experiments are often used to estimate
the ability of a new membrane to separate a mixture,
presuming that the theoretical selectivity o will be maintained
when a mixture is fed to the membrane. However, in real
applications, the presence of multiple types of solutes might
affect permeation selectivity in different ways. In most cases,
selectivity either remains similar or decreases (e.g., due to
plasticization).”> In contrast, when the membrane pores are
comparable in size to the molecules being separated, the solute
with higher affinity to the pore walls can prevent the entry of
others into the pore.'” This results in higher transport
selectivity for the preferred solute in comparison with or.
Therefore, in addition to better simulating realistic operation
conditions, comparing data from single-solute and competitive
diffusion experiments can illuminate transport mechanisms.

To this end, we performed competitive diffusion experi-
ments with feed solutions containing 0.25 mM for each of
ESTR and PREG. We defined competitive selectivity o as the
ratio of the fluxes of ESTR to PREG, analogous to ar from
single-solute experiments. The support membrane showed
essentially no selectivity between the two hormones (a¢ = 0.9;
Figure S6b, Supporting Information). Interestingly, all three
membranes preferentially permeated ESTR, reversing the
selectivity observed in single-solute experiments (Figure 3e—

g)-

The permeation rates of both solutes through the
unfunctionalized membrane were lower in the competitive
experiment (Figure 3e) than that in single-solute experiments.
This decrease was much more pronounced for PREG, making
its permeation slightly slower than ESTR (ac = 1.5). This
implies that the ESTR molecules, in which the pore walls
preferentially interact with, not only permeate through the
membrane at a slightly lower rate compared with single solute
experiments (i.e., about 16% decrease in permeation rate, likely
due to competition between two solutes of similar size for the
channels) but also inhibit the permeation of the unpreferred
PREG molecules. The ACP-functionalized membrane also
shows a slow-down of PREG permeation and a reversal of
selectivity (Figure 3g), but to a lesser extent (ac = 1.2), in
agreement with the QCM-D data.

The most prominent change in selectivity was observed for
the TYR-functionalized membrane, which interacts most
selectively with ESTR through 7—n interactions. In com-
petitive experiments (Figure 3f), the permeation of PREG was
dramatically slower in comparison to single-solute experiments.
Interestingly, the permeation of ESTR was enhanced
significantly, by about 42% compared with the single-solute
experiments, indicating that favorable solute/wall interactions
enhance the forward flux of the preferred solute.” Overall,
ESTR permeated through this membrane 7.0 times faster than
PREG. At the end of the experiment, the permeate
compartment contained about eight times as much ESTR as
PREG, demonstrating the enrichment of the preferred solute.
This is a successful separation of a mixture of two very similar
molecules, based on a relatively minor chemical structure
difference.

The enhanced permeation of the preferred solute (ESTR)
and inhibition of the unpreferred solute (PREG) in
competitive permeation experiments is in close analogy to
biological pores. We hypothesize that this arises from
competition between the two solutes to enter the nano-
channels, whose diameter (~1—3 nm) is comparable to the
size of the solutes (~1 nm). Confinement limits the entry of
other molecules once a channel is occupied. ESTR, in which
the pore walls preferentially interact with, has a higher
probability of partitioning into the pores. They also spend a
longer time in the nanochannels, as indicated by their slower
permeation in single-solute experiments. This excludes the
unpreferred solute, PREG, from entering the pores and slows
down its permeation drastically. As a result, ESTR permeates
through the membrane faster than PREG when they are both
present. Furthermore, it is possible that the PREG molecules
that are excluded from the pores accumulate near pore
entrance, circumventing the back-diffusion of ESTR molecules
and increase their forward flux relative to single-solute
experiments.19

B CONCLUSIONS

This study introduces novel membranes with ~1—3 nm pores
whose surface chemistry can be functionalized through an easy
conjugation reaction. These membranes are manufactured
through simple and scalable methods that can be adapted to
roll-to-roll manufacturing, taking advantage of polymer self-
assembly. They exhibit industrially relevant water permeances.
Using this platform, we demonstrate that in a membrane
whose pores are ~1—3 nm in diameter, solute—pore wall
interactions can dominate solute transport selectivity. We also
demonstrate that QCM-D is an effective method to screen
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these surface/solute pairs in terms of preferential interactions.
Our results show that incorporating phenol groups on the walls
of the nanopores in this membrane system leads to membranes
with excellent aromaticity-based transport selectivity between
two steroid hormones with similar size and charge.
Interestingly, the confinement of permeation into nanoscale
pores leads to a large mismatch in single-solute and
competitive transport selectivities. This report is, to our
knowledge, the first demonstration of membrane-based
separation for small molecules based on their aromaticity.
The interesting transport phenomena observed here, not
predicted by the commonly used membrane transport models
such as the solution-diffusion model, require extensive further
experimental and theoretical study. Importantly, how these
permeation selectivities correlate with separation in more
industrially relevant filtration systems need to be explored.

Beyond this initial demonstration, where 7—x interactions
are used to differentiate between steroid hormones, the easy
functionalizability of this membrane system enables us to
explore the effect of a variety of solute—wall interactions on
permeation through nanostructured, functional membranes. It
is not hard to imagine designing membranes for each targeted
separation by identifying desired functional groups on pore
walls, screening them by QCM-D, and easily functionalizing
these membranes through EDC/NHS chemistry. As such, this
new membrane technology has the promise to become a
platform for designing custom membranes for complex
separations.

B METHODS

See the Supporting Information for expanded experimental methods.

Polymer Synthesis and Characterization. P(TFEMA-r-MAA)
was synthesized using free-radical polymerization following recently
published methods.*””" Each of TFEMA and MAA (20 g) and AIBN
(0.02 g) were dissolved in 100 mL of dimethyl sulfoxide (DMSO) in
a round bottom flask. The flask was sealed and purged with nitrogen
for 30 min and then placed in an oil bath set to 55 °C. Polymerization
reaction occurred under stirring at S5 °C for about 4 h. The flask was
removed from the oil bath and unsealed, and 2 g of MEHQ was added
to stop the reaction. Copolymer was recovered by precipitation in a
mixture of ethanol and hexane (1:3 v/v), redissolved in ethanol, and
washed three times in hexane to remove all monomer residues. The
final product was then air dried overnight and dried in a vacuum oven
at 50 °C for 24 h. The yield was about 40%.

The synthesized copolymer was characterized using 'H nuclear
magnetic resonance ('H NMR) spectroscopy. After dissolving the
copolymers in DMSO-d;, NMR spectra were acquired on a Bruker
AVANCE III 500 spectrometer. Molecular weight distribution
measurement of the copolymer was acquired using a Shimadzu gel
permeation chromatography System equipped with a TOSOH TSK
gel GMHh-M mixed-bed column and guard column, equipped with
both UV and refractive index detectors. THF was used as the mobile
phase at 0.75 mL min™' elution rate and calibrated with low
polydispersity poly(styrene) standards (TOSOH, PSt Quick Kit).

Membrane Fabrication and Characterization. The copolymer
solutions for membrane preparation were prepared by dissolving 5 wt
% of the copolymer in methanol by stirring at 40 °C overnight.
Afterward, the solutions were filtered through 1 um glass fiber syringe
filter (Whatman) and kept in an oven at 50 °C for 1 h to eliminate the
bubbles.

Bubble/dust-free solutions were cast onto a PAN400 ultrafiltration
membrane (polyacrylonitrile, nominal MWCO of 200 kDa) taped on
a glass plate with an adjustable doctor blade (Gardco, Pompano
Beach, FL) set to a gap size of 20 ym. The glass plate was immersed
into a water bath after 20 s of solvent evaporation at room
temperature.

The microstructure of the membrane was characterized by Supra
5SS FESEM at 3 kV and 7 mm working distance. Dried membranes
were frozen in liquid nitrogen and cut with a razor blade for cross-
sectional imaging. To avoid charging, the samples were sputter coated
(Cressington 108 manual, Ted Pella Inc.,, CA) with Au/Pd (60/40)
for 120 s at 30 mA current in an argon atmosphere.

Attenuated total internal reflectance—Fourier transform infrared
(ATR—FTIR) spectroscopy was used to identify the chemical
composition of the membranes using a FT/IR-6200 spectropho-
tometer (JASCO Corp, Tokyo, Japan) over the range of 4000—600
cm™ at a 4 cm™" resolution. Prior to analysis, membranes were air-
dried overnight.

Membrane Functionalization. To convert carboxylate groups to
desired moieties, carbodiimide chemistry was used. The optimal
procedure for conversion of carboxylate groups into reactive
intermediates was identified by screening EDC/NHS solutions at
various concentrations and immersion times and analyzing the
resultant membranes using ATR—FTIR to determine extents of
functionalization and side-reactions (Supporting Information). We
identified the optimal protocol to be as follows: membranes were first
immersed in S0 mM MES buffer at pH 6 for 1 h to deprotonate
carboxylic acid groups. Next, the membranes were immersed in a
solution containing 100 mM EDC and 200 mM NHS in 50 mM MES
buffer containing 0.25 M NaCl at room temperature on a nutating
mixer for 2 h. Membranes were then rinsed with S0 mM MES buffer
(pH 6) several times. For amine conjugation, the membranes were
immersed in 100 mM amine (TYR or ACP) solution in 5X SSC
buffer adjusted to pH 8 with 0.1 M NaOH on a nutating mixer for 15
h. Unreacted amines were removed by rinsing the membrane with 2X
SSC buffer twice and final rinsing with DI water.

Filtration Experiments. Water permeability was measured using
a 10 ml Amicon 8010 dead-end stirred cell (Millipore) with a
filtration area of 4.1 cm?, stirred at 500 rpm, at a trans-membrane
pressure of 40 psi. Flux was calculated by monitoring the mass of
permeate, collected on a scale (Ohaus Scout Pro) connected to a
computer. The membrane permeance (Lp), defined as the flux (J)
normalized by applied trans-membrane pressure (AP), was calculated
as

AP Rtotal ( 1 )

Ryt accounts for the resistance toward the flow of the coating and
the support membrane itself.

Diffusion Experiments. Permeation studies were performed in a
U-shaped two-compartment cell (Permegear) with a cell volume of
7.0 mL and an effective permeation area of 1.8 cm® A circular
membrane switch 1 in. in diameter was mounted between the two-
halves of the diffusion cell: feed and permeate half-cells. Feed half-cell
contained a 0.25 mM solution of desired solute (ESTR and PREG),
and permeate half-cell was filled with DI water. Aliquots (1 mL) were
removed from the permeate solution and replaced with 1 mL of DI
water to sustain a roughly constant concentration gradient between
the two chambers. The flux of permeating solute through the
membranes and into permeate half-cell was monitored by periodically
assaying these aliquots using high-pressure liquid chromatography
coupled with mass spectroscopy (LC-MS, Finnigan Surveyer LC
system and Finnigan LTQ, Thermo Scientific, Waltham, MA).
Samples or standards (20 uL) were injected into a C18 Analytical
Column (BetaSil C18 Column, 3 ym particle size, 100 mm length, 2.1
mm internal diameter, Thermo Scientific, Waltham, MA) equilibrated
with 95:5 water/ACN containing 0.02 v/v % ammonium hydroxide. A
gradient was started to 60:40 water/ACN over 5 min. Then, ramped
up to 95:5 water/ACN, followed by a 2 min equilibration step.

Quantification was performed by tracking m/z values of 349.2 and
395.2 for ESTR and PREG, respectively. Membranes were soaked in
DI water at least overnight between diffusion experiments to remove
any organic solute residues.

QCM-D Studies. To study the interaction between the solute and
selective layer, we used QCM-D (Q-Sense, Frolunda, Sweden). AT-
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quartz crystals (0.3 mm thick) coated with a 100 nm thick gold layer
(QSX 301) with a fundamental frequency of f, = 4.95 + 0.05 MHz
were used as substrates. Prior to use, Au-coated crystals were cleaned
by UV/ozone treatment for 10 min. They were then heated in a 5:1:1
mixture of ultrapure water, 25 v/v % ammonia, and 30 v/v % H,0, to
75 °C for S min. Subsequently, they were rinsed with ultrapure water,
blow dried with nitrogen, and placed under UV/ozone treatment for
another 10 min.

To obtain a thin and uniform film on the crystal sensor, a solution
containing 1 wt % copolymer in methanol was spin-coated at 2000
rpm for 1 min. The samples were then dried in a vacuum oven at 70
°C for 30 min to remove any solvent residue.

For tracking the adsorption and desorption of the solute, frequency
change at different harmonics (n = 1, 3, S, 7, ..., 13) was recorded
upon injection of different solutes. The sensor was first equilibrated
with ultrapure water until a stable baseline was stabilized. Next, a
solution containing 0.1 mM desired solute (PREG or ESTR) was
introduced to the measurement cell using a peristaltic pump (Ismatec
IPC-N 4) at a flow rate of 50 yL min™" at room temperature. When
the adsorption stabilized, as evidenced by a plateau in the signal, the
solution was again substituted with ultrapure water to track
desorption of the solute and hence the reversibility of the interactions.
The next solute was injected afterward, and its adsorption/desorption
was compared.
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